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Chapter 9. Smart Energy Management and Conversion  
 
Mike Hayes, James F. Rohan, Wensi Wang, Ningning Wang, Aldo Romani, Enrico Macrelli, 
Michele Dini, Matteo Filippi, Marco Tartagni, Denis Flandre 
 
 
 
11.1 Introduction 
 
In the past few years, wireless sensor networks (WSN) have emerged from the research domain to 
providing commercial solutions for many real-world applications. Currently, several WSN solutions 
have already been deployed in volume in commercial applications [1]. Among the anticipated 
applications, one of the areas of greatest potential is in Building Energy Management (BEM). By 
monitoring artificial lighting, temperature, carbon dioxide level, relative humidity, positioning of 
external shading devices and resultant actuation, a considerable percentage of energy can be saved and 
human comfort levels can be improved. For example, about 35% of North America’s energy usage [2] 
and over 37% of CO2 emissions [3] are attributed to the running of residential and commercial buildings. 
It has been estimated that the usage of intelligent sensor networks can result in 15-20% savings in total 
energy usage [4]. Due to such potential financial benefits and the political ‘green agenda’, intensive 
research interests have been focused on this area [5]. 
 
Ease of deployment may enable these radio frequency based sensor systems to replace most of the 
current ‘wired’ (cable-connected) sensor systems in the foreseeable future. However, one major 
bottleneck for all WSN deployments has yet to be solved. This problem is the limited system lifetime 
due to the insufficient energy capacity of the small form factor battery power supply. For example, a 
wireless sensor node designed at the Tyndall National Institute with temperature and relative humidity 
sensors [6] consumes an average of 0.25 mW when it operates on a low 0.1% duty cycle (fraction of 
time when sensing and transmitting occurs). Theoretically, powering from two standard 2000 mAh AA 
battery cells requires battery replacement approximately every 200 days. In practice, however, the 
battery life time is even shorter due to leakage currents, temperature fluctuations, environmental 
humidity and other variable factors [7]. With the increasing deployment scale of nodes in WSN systems, 
for commercial, technical and logistical reasons, the market demands a ‘deploy and forget’ solution 
requiring the elimination of a battery replacement maintenance cycle. Energy harvesting technology 
could lead to this possibility of self-sustaining “infinite” lifetime motes, or at least the prolongation on 
the life span between battery replacements. This is becoming a significant focus area in WSN research 
in recent years because of the necessity of bridging the gap between the continuous power consumption 
of the WSN mote and the limited available energy from the battery technology [8].  
 
Many types of ambient energy sources are available. However, light illuminance [9], temperature 
gradients [10] and vibrations [11] have drawn the most attention within the research community, as a 
result of their relatively high technology readiness levels. For example, Table I shows the power density 
which has been obtained from different energy harvesting sources potentially available in BEM 
applications, i.e. indoor office illuminance, outdoor illuminance, human and machine vibration energy, 
building thermal energy.  
 
Table I. Power density of various energy harvesting technologies  
Energy sources Power density 
Indoor light (office 500lux) [9] 300μW/cm2 
Outdoor light (Standard, AM1.5)  100mW/cm2 
 Shoe Insert Piezoelectric [12] 300μW/cm3 
Mechanical vibration [13]  45μW/cm3 
Thermoelectric (10oC gradient) [14] 15μW/cm3 
 
 In this chapter, the power management circuits for indoor light energy harvesting, thermoelectric energy 
harvesting and vibration energy harvesting are introduced. The objective of power management circuit 
design is towards higher conversion efficiency, ultra-low power consumption and low energy storage 
leakage losses.  
 
 
11.2. Power management solutions for energy harvesting devices  
 
This section focuses on the design of power management circuits for energy harvesting technologies. 
The concept, design and implementations are introduced in detail. For thermoelectric energy harvesting, 
the main challenge is due to the ultra-low voltage of the thermoelectric generator (TEG) module. Ultra-
low voltage DC-DC converters are designed for this application. For photovoltaic energy harvesting, 
particularly indoor solar, the main challenge is low power maximum power point tracking (MPPT) 
design. For vibration energy harvesting, the main difficulty is high efficiency AC-DC conversion. In 
addition to the power management circuits, the energy storage unit is also an essential part of the system 
to store the energy and deliver the energy to the load.        
 
11.2.1 Ultra-low Voltage Thermoelectric Energy Harvesting 
 
Thermoelectric generators usually provide output voltages as low as tens of mV/K, with very low 
electrical series resistances [15]. Although thermoelectric generators with output voltages in the range 
of hundreds of mV/K based on microelectronic technologies are available [16], such devices also 
present high electrical resistances in the order of hundreds of Ω. For this reason, energy harvesting from 
thermal gradients generally requires handling very low input voltages, well below the threshold voltages 
of diodes or transistors, which prevent the use of conventional charge pumps or switching converters in 
order to boost the available voltage. This is essential for implementing fully autonomous and battery-
less solutions, in which activating application circuits from a fully discharged state is mandatory. 
When the input voltages are lower, but still comparable in their order of magnitude to the threshold 
voltages of diodes and transistors, integrated circuit technology still enables design of charge pumps 
operating in a sub-threshold region, such as for example in [17]. Other techniques, such as Vth-
programming, as in [18], allow further reductions of the minimum activation voltage down to about 100 
mV, at the expense of additional fabrication steps. In general, the minimum requirement for the input 
voltage is the activation of an oscillator circuit, which then drives a capacitive charge pump or a 
switching converter. For this reason, threshold voltages of devices play an important role. 
However, with input voltage in the order of tens of mV, other types of solutions are necessary. For 
example, in [19] a boost converter is used in order to pump up the voltage, but the switches initially 
require a mechanical activation for transferring energy from the thermoelectric transducer to an 
inductor. This overcomes the problem of handling voltages much lower than the threshold voltage. 
However, a suitable mechanical excitation is not generally available in all types of solutions. 
 Fig. 1. Block diagram of the Linear Technology LTC3108 [21] 
A suitable approach for boosting very low voltages with no external energy source is the use of 
transformers. Such devices can be used to build up oscillators based on the Armstrong or the Meissner 
topologies, in which the feedback is generated by means of magnetically coupled inductors. When very 
low voltages are involved, in this type of solution a normally-on transistor, such as a depletion mode 
MOSFET or a JFET is usually required, in order to achieve a sufficient transconductance. This type of 
solutions has been proposed since some time ago [20]. Recently, a very popular integrated circuit has 
also been developed by Linear Technologies [21] and adopts a similar topology. The LTC3108, shown 
in Fig. 1, implements the above mentioned oscillator topology, and is reported to operate with input 
voltages as low as 20 mV. The IC also implements a complete power management system.  However, 
the IC requires an external transformer with turn ratios of some tens to one, depending on the amplitude 
of the input voltage. This device allows current to flow from the thermoelectric generator through the 
primary winding of the transformers, despite the very low input voltages. The excitation that propagates 
to the secondary winding of the transformer generates a feedback on the transistor, usually on the gate 
terminal, which modulates the primary current. An oscillation is then started, and the higher number of 
turns on the secondary winding generates a higher voltage. At this point, a diode rectifier or even a 
passive voltage multiplier can be used to collect electrical charge at voltages much higher than the input. 
An extension of this topology was also presented in [22], in which after the start-up, the transformer is 
re-used in a more conventional switching converter, in order to improve efficiency during steady-state 
operation, once the circuit is started. 
In this perspective, it is essential to shrink the dimension of the magnetic components in order to achieve 
even higher levels of integration. In-package and on-chip integration are expected to bring significant 
advantages. In this context, the main problem is to achieve sufficient performance and to guarantee 
minimum losses, both in the magnetic core and in the electrical conductors. The Nanofunction project 
has investigated this problem and elaborated a series of solutions. The research activity involved 
modeling and fabrication of new topologies of integrated micro-transformers, which are to be merged 
in a startup oscillator integrated circuit for an ultra-low voltage harvesting solution. New topologies of 
micro-transformers which use bonding wires and patterned magnetic core, so called bondwire 
transformers [23], have been designed and modeled. Since the startup converter requires high self-
inductance and turns ratio to reach and maintain the oscillation, several types of magnetic cores to be 
mounted on-top of the micro-transformers have been investigated. Various high permeability and high 
saturation commercial cores are chosen and collected such as LTCC magnetic tapes, ferrite toroids and 
thin-films. Moreover, various core shapes and thicknesses are selected and cut to minimize the footprint 
area of the prototypes. Since the startup converter requires low DC series resistance, various bonding 
wires have been modeled in terms of material, dimension and pad pitch. Bondwire transformer 
prototypes have also been realized on a PCB substrate with an ultra-thin and ultra-narrow technology. 
In the design of a power micro-magnetic components such as micro-inductors and micro-transformers 
the choice of the magnetic structure is crucial in order to achieve high-inductance, minimize resistive 
losses at high frequency, and carry out the largest current available without saturating the core. The 
structure of micro-magnetic devices can be categorized into two main approaches which depend on the 
arrangements between coils and core. In the first one the planar coils are enclosed by a multilevel 
magnetic core (such as spiral inductors), while in the second one the multilevel conductors are wrapped 
around a planar magnetic core (such as toroidal and bondwire inductors). Generally, the main factors 
which characterize a good power micro-inductor are high inductance value per unit area, low dc 
resistance to get high current, high Q-factor to maximize efficiency, and miniaturization capability 
which can be referred as Power Supply in Package (PwrSiP) and Power Supply on Chip (PwrSoC) [24]. 
Table II.  Summary of integrated soft magnetic materials used for power micro-magnetic components 
Frequency Material Deposition Good Bad 
Low frequency 
(fop <1 MHz) 
Soft ferrites 
(NiZn, MnZn) 
Screen printing 
(IC not 
compatible) 
↑ ρc, ↑ tc 
↓ Bs, ↓ µrc,  
↑ Hc 
High frequency 
(fop >5 MHz) 
Metallic thin 
films 
(NiFe, NiFeMo) 
Sputtering, 
Electroplating 
(IC compatible) 
↑ Bs, ↓ Hc,  
↑ µrc, 
↓ ρc, ↓ tc 
Very high 
frequency 
(fop >100 MHz) 
Laminated 
metallic thin 
films 
nanocomposites 
Sputtering, 
Electroplating 
(IC compatible) 
↑ Bs, ↓ Hc, ↓ ρc,↓ tc 
 
 
 
Fig. 2. Prototypes of bonding-wire transformers developed in the Nanofunction project. Toroidal 
(left) and race-track (centre) topologies have been developed, and tested on a PCB prototype (right) 
The choice of the magnetic material is also shown to be essential. The main characteristics which define 
the performance of soft magnetic materials are: high resistivity, low coercivity, high saturation flux 
density, high relative permeability, high anisotropy field, and low core losses. High resistivity ρc [Ω·m] 
leads low eddy current effects in the core which represents a dissipative loss of energy within the core 
and define the maximum operation frequency fop [Hz]. Furthermore, a high resistivity material has an 
increased skin depth δc [m] which ensures that the magnetic field intensity is constant with the film 
thickness tc [m]. Low coercivity Hc [Oe] minimizes hysteresis loss at high frequencies, while high 
saturation flux density Bs [T] enhances current-handling capability. In order to get stable performance 
the core should have high relative permeability µrc constant for high frequencies, and high anisotropy 
field Hk which increases the operation frequency and current-handling ability. The core losses are 
mainly composed of two different contributions: eddy current losses and hysteresis losses. Low core 
losses require soft magnetic materials with high resistivity and low coercivity field. Table II shows a 
summary of integrated soft magnetic materials used for power devices. 
 Fig. 3. Main oscillator topology with output rectifier (top). Circuit simulations of proposed converter 
and bonding wire transformer with n=36.5. Steady-state response of primary voltage V1 (top graph), 
secondary voltage V2 (middle graph), and rectified output voltage Vrect (bottom graph) with Vteg=40 
mV, Rteg=430 mΩ, Cout=10 nF, Rout=100 MΩ, single M1 and two parallel C1. 
Among the developed prototypes interesting results have been found. A toroidal transformer with a 
4.95×4.95 mm2 surface area enables turn ratios up to 1:38 when using gold conductors 80 m wide. 
Fig. 2 shows preliminary prototypes, based on two types of geometries. All the developed technologies, 
besides PCB implementations, are suitable for on-chip or in-package assembly. In order to validate 
system design, an integrated circuit implementing the schematic reported in Fig. 3 was designed and 
fabricated. The proposed integrated circuit, suitable for operation with the above bondwire 
transformers, is based on a Meissner oscillator topology, as explained previously. Simulation results 
show that the proposed integrated solution, based on a CMOS integrated circuit and on the proposed 
micro-transformer, ensures circuit start-up and a sufficient output voltage allowing above threshold 
operation of a conventional boost converter. The solution is compatible with on-chip or in-package 
assembly and is expected to provide performance comparable to external miniaturized magnetic 
components, thus yielding to a higher level of integration in electronic design. 
 
11.2.2 Sub-1mW Photovoltaic Energy Harvesting  
 
High accuracy MPPT circuits for large scale PV cells often consume over 100 mW of power, several 
orders of magnitude higher than the harvested power in the small PV cell, obviously not suitable for 
this application [25]. Several methods have been proposed to perform low power MPPT. Simjee and 
Chou proposed a PFM controller based fractional open circuit voltage (FVOC) MPPT method utilizing 
a buck converter structure. This MPPT operates above 80% at 20mW solar power [26]. Dondi et al 
introduce a PWM controller based FVOC MPPT with a similar buck converter structure and achieve 
up to 85% efficiency when PV cell generates 50mW [27]. In [28], Brunelli suggests that it is possible 
to obtain MPPT power consumption around 1mW with the FVOC MPPT method with optimized 
frequency and components selection.  These work, although significantly enhancing the MPPT 
performance in lower power conditions, but still exceed the sub-mW PV cell output power. Brunelli 
suggests that due to the power consumption in the MPPT, for a small solar cell is impractical to use the 
MPPT to improve conversion efficiency, and alternative methods should be adopted [29].  Tan and 
Panda proposed a MPPT solution for wind energy harvesting using boost converter structure to perform 
impedance matching through resistance emulator method [30]. This method shows the potential to 
further reduce the power consumption of MPPT theoretically into sub-mW scale by adopting a low duty 
cycle ultra-low power microcontroller but was not verified by Tan and Panda due to difference in 
applications. Both [26] and [30] need a microcontroller to generate MPPT control signal, which 
obviously increases the system cost and complexity. Chini introduced a PFM controlled boost converter 
similar to the design shown in this work with components selection for ultra-low power level, however, 
without synchronous rectification MPPT [31].  
 
Table III. Comparison of MPPT efficiency in lowest useable power level 
  Chini et. 
Al [31] 
Simjee  
et. al [26] 
Tan  
et. al [30] 
Simjee  
et. al [32] 
Dondi et. 
al [27] 
Converter Boost  Buck  Boost  Buck  Buck  
Control Logic  PFM 
Control 
PFM 
Control 
PWM 
Control 
PFM 
Control 
PWM 
Control 
Input Power 1.6mW 5mW 9.36mW 10mW 50mW 
Efficiency 30% 47% 84% 45% 85% 
 
Table III. shows a comparison of efficiency among various maximum power point tracking circuits at 
various power levels. A system architecture of the indoor PV cell powered WSN is presented in Fig 4. 
This proposed power autonomous system consists of five building blocks:  i) photovoltaic cells; ii) 
MPPT tracker; iii) energy storage units; iv) output stage voltage regulator; v) wireless sensor node. By 
adopting this system architecture, both the input power and output power are optimized to ensure 
delivery of the maximum amount of useable energy to the wireless sensor node. The multiple stage 
regulation reduces the energy conversion efficiency, a trade-off exists in the power losses and power 
gains in the power regulations. The main power losses in the system are illustrated in Fig. 5. The power 
(voltage) level of the energy storage unit is monitored by the wireless sensor node in order to update 
the network on the remaining energy in each module. The power monitoring readings and power 
management simulations can provide an effective means to predict the system operation.         
 
Fig. 4. Indoor light energy harvesting wireless sensor node 
 
Fig. 5. Efficiency losses and power consumptions in the proposed energy harvester 
 
The indoor light power PLight is harvested by the COTS amorphous silicon photovoltaic cell with a 
conversion efficiency at ηPV. The MPPT circuits adjust the control signal frequency based on lighting 
intensity to approach a near optimal voltage on the PV cell, thus approaching the ideal maximum power 
of PV cell PPV_MPP. 
 
A certain amount of power is lost due to the imprecision of MPPT, the efficiency loss due to the MPPT 
error is ηME as shown in Fig. 5. Inevitable efficiency losses in the MPPT procedure and the power 
consumption of the MPPT control circuits are expressed as ηML and PM_Ctrl. The output power of MPPT 
is expressed as PMPPT. Based on input voltage and remaining energy in the ESU (energy storage unit), 
the ESU control circuits choose to charge/discharge the hybrid energy storage. In both charging and 
discharge processes, a self-discharge power loss exists as PD. Similarly to the MPPT control circuit’s 
power consumption, the ESU control circuit also has a power consumption PE_Ctrl. The power 
transferred from ESU PSTORE is further optimized in the output voltage regulator, with an efficiency ηout, 
before connecting to the wireless sensor node. The boost converter based output voltage regulator can 
be automatically started up by the ESU control circuits in case of power failure and the subsequent need 
to restart the system. 
 
Fig 6. Conceptual Schematics of Maximum Power Point Tracking 
 
The schematic of the synchronous boost converter based MPPT is shown in Fig 6. The MPPT consists 
of two main building blocks. 1) Comparator based MPPT controller 2) synchronous boost converter.  
The boost converter is controlled by PWM signals generated from the ultra-low power comparators. A 
secondary PV cell is used to obtain a reference open circuit voltage to set the theoretical VMPP.  Made 
from the same photovoltaic technology of the main PV cell, the pilot PV cell obtains an open circuit 
voltage Voc_ref proportional to the main PV cell open circuit voltage. Hysteresis is adopted in the design 
to switch on transistor SW1 when input capacitor voltage (PV cell voltage) is higher than VMPP+Vhyst1. 
The input capacitor is then discharged whilst the inductor L is charged with variable current iL(t). Once 
the capacitor voltage drops to VMPP -Vhyst1, the SW1 is turned off due to the hysteresis, the “ON” 
state time is t0~t1 as shown in Fig. 7. 
 
Fig. 7. Converter simulation and control signals of SW1, SW2 and SW3 
 The average Vmppt is at 0.773 of the measured open circuit voltage. The average MPPT error is less than 
1.8% of the ideal MPP ratio 0.760. The employment of the MPPT circuits achieves a 27% power 
increase when 500 lux illuminance is applied. It can be concluded that with an ultra-low power design 
of the maximum power point tracker, the MPPT can improve the power conversion efficiency. 
However, a considerable percentage of power loss is attributed to the MPP tracker. For low illuminance 
light energy harvesting, the power loss offsets most of the power gained from MPPT. The ultra-low 
current consumption of the MPPT subsystem enables the prototype increase the power harvested from 
the PV cells by 30% in a 500 lux lighting condition. The carefully simulated and successfully 
implemented design consumes less than 50 µW power. The conversion efficiency with 0.5mW input 
power is 81%. 
 
11.2.3 Piezoelectric and Micro-electromagnetic Energy Harvesting 
 
Vibrations are widely diffused and common in several environments, for example, to name a few, 
humans and goods transportation or industrial machinery. Piezoelectric transducers can achieve high 
power density [33] and several techniques [34-37] have been developed in the past years to improve 
the effectiveness of the energy extraction process.  
 
Fig. 8.  (a) block diagram of a multi-source SECE converter for piezoelectric transducers, (b) 
qualitative waveforms under ideal conditions[39]. 
 
Converters based on synchronous electrical charge extraction (SECE) scheme (Fig.8.a) have proven to 
be more efficient than other passive interfaces (e.g. diode full bridge) and enable extraction of energy 
without any constraint between input voltage VP(t) and output voltage VST(t). Moreover, harvesting 
energy from multiple piezoelectric transducers is a viable solution in order to increase input power [38]: 
each extraction cycle lasts a small fraction of the repetition period (i.e. the vibration frequency) so a 
single shared inductor can be exploited to extract energy from several transducers (Fig. 8.b).  
Simultaneous requests to access the shared inductor can be handled delaying all the requests but one.  
 
Fig. 9.  Top-level schematic of a multi-source converter for energy harvesting from independent 
piezoelectric transducers [7]. 
 
Fig. 9. shows the top-level schematic of a multi-source converter suitable for piezoelectric energy 
harvesting [39]. Each transducer is connected to its input stage which rectifies the input voltage VP1…5(t) 
throughout an enhanced version of a Negative Voltage Converter (eNVC, Fig. 10.a) and then detects, 
with a peak detector, when the transducer voltage has reached a maximum, in order to trigger the start 
of an energy extraction cycle. The eNVC output is a rectified version of input voltage without forcing 
a way for current flow. Furthermore the n-channel MOSFETs MA1-MB2 allows the complete discharge 
of CP, thus an increment of available energy for each energy extraction. Important features for an energy 
harvesting converter are the energetic autonomy and capability to start to operate from a no-energy state 
(i.e. VST=0 V): a passive path (D1-D5 and Mdepletion in Fig. 9. has been implemented to allow self-
start-up. Such a path is then disabled when the output voltage reaches a minimum level to guarantee 
correct operations of all circuits (VST>1.4 V). The logic controller has been designed with asynchronous 
logic in order to avoid energy waste due to clock generation and manages the issues related to inductor 
sharing. In addition, the logic controller determines the correct timing for each conversion phase, based 
on the information provided by the voltage and current zero crossing circuits (ZCV and ZCC, 
respectively) included in the SECE core (Fig. 9). Moreover, the SECE core embodies the power 
MOSFETs and their gate drivers together with a dynamic biasing circuit to further reduce the quiescent 
current drawn by the circuit.  
 
Fig. 10. (a) eNVC and its driver circuit, (b) standard NVC, (c) qualitative waveforms of input, output 
and control signal of the eNVC [39]. 
The nano-power IC [39] designed for energy harvesting from multiple independent piezoelectric 
transducers reaches an efficiency that ranges from 70% to over 85%, including its own power 
consumption.  
 
Fig. 11. Die photograph of the designed IC. 
Thanks to nano-power design and energy aware techniques, the converter consumes a very low energy 
both during the extraction process and in the time between extractions. The quiescent power is as low 
as 175 nW per source at VST=2.5 V, leading to an overall quiescent power of 875 nW for handling five 
piezoelectric transducers. The IC, manufactured in a 0.32 μm BCD technology, has an area of 4.6 mm2 
and the die photograph is shown in Fig. 11. 
 
 
 
11.2.4 DC/DC Power Management for Future Micro-Generator  
 
In this section we study power management units to supply next-generation ultra-low-power 
microcontrollers from future micro-generators for applications such as wireless sensor networks or the 
Internet of Things.  
 
Such applications require energy autonomous operation to avoid battery replacement and the 
microcontroller must therefore consume the lowest power possible at moderate computing power. For 
these reasons such future microcontrollers will be supplied at ultra-low voltage (0.3-0.5V) [40]. There 
is thus a need for dedicated power management units to generate such ultra-low voltages with good 
conversion efficiency and voltage regulation. Furthermore, these power management units must use as 
few external components as possible in order to reduce the system volume, the carbon footprint for its 
production [41] and the assembly costs. 
 
 
Fig. 12. (a) Architecture of an SC DC/DC converter, (b) Examples of switched-capacitor network with Vout/Vin  
conversion ratios of 1/3 and 1/2 at no load. 
 
There are two main families of circuits able to deliver this ultra-low voltage. Firstly, linear regulators 
dissipate energy in a passive component such as a resistor. Unfortunately the conversion efficiency is 
limited to the ratio between output and input voltage Vout/Vin. Secondly, switching converters use 
switches and inductors or capacitors to convert an input voltage to an output voltage. Inductive 
switching converters are well known but cannot easily be integrated on-chip and lack efficiency when 
supplying a low-power load [42]. Switched-capacitor (SC) DC/DC converters can be fully integrated 
on-chip thanks to the process features of mixed-signal CMOS technologies, and their efficiency remains 
high at low loads [43], [44]. Fig. 12 (a) shows a typical architecture of such a converter. A switched-
capacitor network (SCN) performs the voltage conversion between input and output voltages by 
oscillating between two phases Φ1 and Φ2. Regulation of the output voltage is performed thanks to a 
controller that senses Vout. Control signals for the actuation of power switches are sent to a block 
generating non-overlapping clocks (NOC) which ensures that the switches that are ON during the first 
phase Φ1 are never activated at the same time as the switches that are ON during the second phase Φ2 
which would result in unwanted short circuit currents. Gate drivers distribute the control signals from 
the NOC to the gate of the large power switches while keeping short rise and fall times. Finally an 
optional output filtering capacitor Cout reduces the voltage ripple on Vout due to the SCN switching. Fig. 
12.(b) shows two examples of SCN with a Vout/Vin conversion ratio of 1/3 and 1/2 at no load. This ratio 
can be obtained by inspection of the SCN configurations during the two phases Φ1 and Φ2 of the 
switching cycle. The power Pout that is delivered by such converters to the load is: 
𝑃𝑜𝑢𝑡 =  α 𝑓𝑠𝑤  (𝑉𝑛𝑙 − 𝑉𝑜𝑢𝑡) 𝑉𝑜𝑢𝑡,     (Eq.1) 
where α depends on the SCN topology, fsw is the converter switching frequency, and Vnl is the converter 
output voltage at no load. 
 
Ultra-low-voltage (ULV) digital circuits such as microcontrollers suffer from high sensitivity to 
process, voltage and temperature (PVT) variations [45]. Therefore they require a large voltage guard 
band on their supply voltage to ensure that no timing error occurs in the circuit critical paths in the 
worst-case PVT corner, which increases their power consumption. An adaptive voltage scaling (AVS) 
system using an SC DC/DC converter can be used to (i) provide efficiently the ultra-low voltage for the 
digital circuit, while (ii) being fully integrated on chip next to the load and while (iii) cancelling the 
voltage guardband due to PVT variations [45]. Instead of delivering a constant VDD to the circuit, the 
AVS adapts VDD to ensure that the critical path delay is just below the cycle time of the microcontroller 
clock (fCLK). The AVS thus compensates the actual PVT corner and avoids the VDD guardband for worst-
case PVT variation.  The architecture of such an AVS system is shown in Fig. 13. An SC DC/DC 
converter is used for the voltage conversion. The other blocks of the AVS system are fully digital. A 
PVT sensor made of a replica of the microcontroller critical path senses its maximal operating frequency 
under the actual PVT corner. It is also used to provide its clock signal to the load. The external inputs 
to the AVS system are the battery voltage (VBAT), the value of the microcontroller target frequency 
(fTARGET) as a digital code and an external low-frequency crystal clock as a reference.  
 
During the high phase of the crystal clock, the frequency comparator counts the number of rising edges 
of the clock generated by the sensor and clock generation unit. On the falling edge of the crystal clock, 
the difference between the count result and fTARGET is sent to the regulator. It decides if the circuit clock 
frequency fCLK must be increased or decreased, to regulate the converter output voltage. It generates 
control signals which are sent to the decoder that converts them into signals compatible with the DC/DC 
converter driver. As stated in Eq. (1) the conversion ratio of SC DC/DC converters for a fixed Pout 
depends on the converter switching frequency. For a given Pout, the supplied voltage can thus be tuned 
by controlling the switching frequency of the SC DC/DC converter. The decoder signals control the 
block generating the converter clock to select its switching frequency. The converter output voltage 
supplies both the microcontroller and the PVT sensor and clock generation block. When VDD varies, 
fCLK is automatically adjusted, as the critical path replica ring oscillator frequency is dependent of its 
supply voltage. 
 
Fig. 13. Block diagram of the proposed adaptive voltage scaling system from [45]. An SC DC/DC 
converter is used for the voltage conversion, the PVT sensor and clock generation block is built with 
the same critical-path replica (CPR) ring oscillator. 
 
Fig. 14. shows the transient behavior of such an AVS systems designed to supply the 0.4V SleepWalker 
microcontroller SoC described in [40]. The start-up procedure is first illustrated: the microcontroller is 
in sleep mode (VDD=0V with inactive DC/DC converter) and a wake-up request occurs. The clock of 
the DC/DC converter starts and it sends charges to a 3.3 nF Cout.  
 
Fig. 14. Measured transient behavior of the voltage supplied by the adaptive voltage scaling systems 
used in [40] at start-up and for a steep workload change: the microcontroller goes from performing 
NOP operations to FIR looping. 
 
At this stage, the current consumption of the ULV microcontroller is limited to leakage through the 
devices. Therefore the AVS output voltage (internal VDD) rises close to the no-load voltage of the SC 
DC/DC converter, i.e. 500mV. After one period of the crystal clock, the CPR ring oscillator is started 
and switching power is consumed, resulting in a small drop of the internal VDD. The generated clock is 
then synchronized with the crystal clock and the operation of the microcontroller is finally started. The 
AVS loop starts regulating the microcontroller frequency at this stage.  Fig. 14 also shows the AVS 
loop response to a steep workload increase from NOP operations to FIR looping. When the workload 
changes, the internal VDD only falls by 15mV before going back to target 0.4V.  
 
11.3. Sub-mW Energy Storage Solutions 
 
There is currently a concerted international research effort to bridge the gap between energy demand 
and supply to enable truly autonomous wireless devices. This requires an increase in both the storage 
capacity of batteries and the efficiency of energy harvesting devices coupled with a decreased demand 
from the electronics. Ideally this would be manifest as device integrated energy storage that interfaces 
with energy harvesting components, provides power on demand to the electronic sensing, 
communication and display components and operates over the anticipated device lifetime. Ultimately 
the energy storage solution should occupy a footprint on chip no larger than the electronics it drives, 
with 1 mm2 as an attractive long term target for both. No such energy storage component exists today. 
Batteries are the most common energy storage option & since their introduction in the 1990’s lithium 
ion batteries have exhibited the highest energy density which has been gradually improved in the 
intervening period from ~200 Wh/l to ~700 Wh/l through the use of improved materials & processing.  
 
Solid state microbatteries which can be processed on Si have achieved similar volumetric energy 
densities with µm scale thin film materials in large area format, offering capacity retention over 
thousands of cycles [46]. In the 2D, thin-film geometry, current deposition techniques and lithium ion 
diffusion limits the electrode thickness to several micrometers resulting in a battery dominated by the 
substrate and other inactive cell components. As thin films these 2D formats typically exhibit energy 
densities of ~60 µWh/mm2 or 0.02 J/mm2. An energy budget of 1 mWh/day can support a wireless 
sensor node (WSN) used in building energy management with sensing and transmission every 20 
minutes [47]. Clearly significant advances are required for energy storage devices to meet the demand 
in a reasonable footprint. The key challenges are to realise improved energy storage in a significantly 
decreased footprint for Si integration and high rate (power) capability during device interrogation and 
to decrease recharge time. These challenges require: 
 
 Higher energy density materials, particularly at the cathode, where the current material, 
LiCoO2, is 25 times less energy dense than lithium metal. 
 3D or 1D active materials structuring with increased aspect ratio providing additional material 
(stored energy) with respect to planar commercial thin film microbatteries.  
 Nanoscale active materials with improved electronic conductivity or core/shell structures [48] 
to facilitate high rate solid state lithium ion transport. 
 
Fig. 15. A roadmap for microbattery energy storage requiring the development and integration of new 
materials which could yield up to 4 times improvement in stored energy and micro or nanoarchitectures 
to increase the material quantity and surface area to deliver 1 mWh of energy in a 1 mm2 footprint. 
 
The need for more energy dense materials and structured electrodes is illustrated in Fig. 15. where the 
target 1 mWh of energy required for a building management WSN currently has a 6.5 cm2 footprint. In 
addition, current solid state microbatteries cannot meet the needs of the ICT systems at peak power 
during measurement and transceiver operation and require a hybrid energy source. This is due to the 
lithium diffusion limitation in the solid state electrolyte and cathode. On the other hand the solid state 
construction does facilitate the use of lithium metal anodes which have a large energy capacity by 
comparison with the typical carbon anodes (372 mAh/g) of most lithium ion batteries. If non solid state 
electrolytes are to be utilised then alternative high energy intercalation anodes such as Sn [49] (990 
mAh/g), Ge [50] (1,600 mAh/g) or Si [51] (4,200 mAh/g) will be required to prevent dendritic short 
circuits on cycling. Core/shell [52] versions of these anodes may be required to alleviate mechanical 
stresses leading to poor cycling behaviour and improve the electronic conductivity to access all of the 
high aspect ratio structures.  
 
In the Nanofunction project nanoscale materials have been investigated as a means to improve the 
energy storage and current delivery issues for both anodes and cathodes. Previous research had 
investigated Cu6Sn5 nanowires [53] (Theoretical capacity 605 mAh/g) as potential anodes for a lithium 
ion microbattery. In this work a Sn rich alloy (Theoretical capacity 830 mAh/g) was investigated to 
improve the capacity while still delivering an anode that can be structured on Si substrates in nanowire 
format and permit the use of polymer gel electrolytes to increase rate capability. The CuSn3 nanowires 
achieved are shown below and representative voltammograms for approximately 6 µm long and 200 
nm diameter nanowires are shown in Fig. 16. (a). Initial capacities of 740 mAh/g were recorded for the 
nanowires with a slow decrease on cycling as seen in Fig 16.(b). The lithium insertion (5 mA) and 
removal (3 mA) currents for these nanowires also indicate high rate capability. 
  
 
Fig. 16. CuSn3 nanowires fabricated in an AAO template and cyclic voltammetry data for the 
nanowires.  
 
MnO2 as an alternative battery cathode to the standard LiCoO2 material is desirable to eliminate 
the use of the more toxic heavy metal Co of the standard lithium battery and to decrease cost. 
To integrate the MnO2 as a battery material required the use of Cu nanotube base supports, also 
formed in AAO by a method described previously [54] onto which the MnO2 was deposited. 
This led to aligned MnO2 nanowires anchored in the Cu supports as shown in figure 17 forming 
a well adhered interface. The nanowires are 18 m long and this aspect ratio of 90 (for 100 nm 
radius nanowires) results in an active surface area more than 100 times that of the planar 
footprint. The data for the 18 m MnO2 nanowires on Cu supports is shown in figure 17. In the 
first cycle for the nanowires an improvement is observed for the peak position and rate capability 
of the lithium insertion and extraction with respect to micron scale MnO2 material. The influence 
of the copper support is seen, however, at the more positive potentials and the electrode did not 
function as expected after the imposition of a high positive potential. Support materials more 
stable at the high positive potential are required.  
 
 
Fig. 17. a) MnO2 nanowire fabrication route and b) adhered nanowires on Cu nanosupport.  
c) Li insertion and removal from MnO2. The solid curves are cycles for <5 m MnO2 particles 
(Aldrich) dispersed on carbon. The dashed line is for the MnO2 nanowires anchored on Cu. 
Despite the gradual improvement there is still a large gap between the energy density of typical cathodes 
in lithium ion batteries and those of lithium metal or alternative high energy anodes. Disruptive battery 
technologies such as a Li/sulphur or Li/air [55], [56] can achieve the energy storage requirements of the 
ICT community. A theoretical energy density of 2.8 mWh/mm3 (10 J/mm3) has been estimated for a Li-
air battery [57] with non-aqueous electrolytes. It is recognised that the Li/air and other high energy 
systems have to overcome many obstacles before they will be in widespread deployment but many 
researchers predict that this could be over the next ten to fifteen years. A very challenging scaling 
requirement has been shown in Fig.15 and that must be coupled with decreased power requirements in 
the ultimate device. An increasing focus on improved nanoarchitectures, electrode materials and 
integrated current collectors is required to surmount these obstacles and deliver high energy density 
solutions to meet the needs of the electronics industry. 
 
11.4 Conclusions  
 
This chapter introduced power management circuits and energy storage unit designs for sub-1mW low 
power energy harvesting technologies. This work has proposed three different types of power 
management circuits for the most frequently used energy harvesting technologies: thermo-electric, 
photovoltaic and vibrational energy harvesters. The solutions address several of the problems associated 
with energy harvesting, power management and storage issues including low voltage operation, self-
start, efficiency (conversion efficiency as well as impact of power consumption of the power 
management circuit itself), energy density and leakage current levels. Additionally efforts to miniaturize 
and integrate magnetics parts as well as integrate discrete circuits onto silicon are outlined to offer 
improvements in cost, size and efficiency. Finally initial results from efforts to improve energy density 
of storage devices using nanomaterials are introduced. 
 
For thermo-electric energy harvesting, a transformer based ultra-low voltage ultra-low power (sub-
1mW) DC-DC conversion circuit has been proposed. It adopts a novel bonding-wire transformers 
structure with several types of ferrite/metal material. The bonding wire transformer has been 
successfully developed in this project for system miniaturization. The implemented transformer obtains 
a turn ratio up to 1:38. In addition to the PCB implementation of the converter, this technique is also 
proposed to be utilized in standard CMOS process. 
 
Ultra-low power maximum power point tracking has been developed in this project for sub-1mW indoor 
solar cells. The fractional open circuit voltage method is proposed in this work for its simple and low 
power control circuits. The implementation of this MMPT method utilizes nanowatt level comparator 
logics instead of complicated DSP logics in order to further reduce the power consumption of the MPPT. 
Power loss simulation model is created to optimize the component selections. The module consumes 
less than 50µW when the input power is less than 1mW, whilst the end-to-end conversion efficiency of 
the MPPT circuit is >79.6% with 0.5mW input power.  
 
For vibration energy harvester, a “nano-power” IC has been designed in a 0.32μm STMicroelectronics 
BCD technology that can manage up to 5 AC-DC channels (e.g. piezoelectric transducers). The IC 
implements a boost converter based on synchronous electrical charge extraction and be able to convert 
a wide range of input voltage. For input voltage of 2.5V, the peak efficiency of 85% is achieved in the 
AC-DC conversion.       
 
An ultra-low supply voltage (<0.5V) micro-controller has been designed in the framework of this 
project. A DC-DC converter for the future ultra-low voltage microcontroller has been developed in this 
application. This DC-DC converter steps down the 1.2V energy harvested power to 0.4V supply 
voltage. The converter is manufactured using 65nm standard CMOS process along with the 
microcontroller. The maximum conversion efficiency in room temperature is approximately 80%.   
 
In terms of energy storage nanoscale materials have been investigated as a means to improve the storage 
density and current delivery issues for both anodes and cathodes. Initial capacities of 740 mAh/g were 
recorded for the nanowires with a slow decrease on cycling. The lithium insertion (5 mA) and removal 
(3 mA) currents for these nanowires also indicate high rate capability. Nanowires 18 m long were 
developed with an aspect ratio of 90 (for 100 nm radius nanowires) providing an active surface area 
more than 100 times that of the planar footprint. 
 
 
Finally these efforts have highlighted the importance of system level methodologies in optimising the 
overall integrated solution rather than optimising sub-elements in isolation. The benefits of 
collaboration in Nanofunction have also been clearly illustrated in terms of collaborative testing, 
specification definition, combining expertise in fabricating miniaturised parts and the synergising of 
circuit elements from various project partners into next generation high miniaturised efficiency, low 
leakage multi-source energy harvesting and power management solutions. 
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